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result	 provides	 a	 mechanism	 through	 which	 individual	 foraging	 strategies	 may	
emerge.	Age	and	sex	affected	components	of	the	trade-off,	but	not	the	trade-off	
itself,	 suggesting	 these	 factors	may	drive	behavioural	 compensation	 to	maintain	
resource	acquisition	and	this	was	supported	by	the	evidence	that	there	were	no	
fitness	consequence	of	any	EE	trait	nor	the	trade-off	itself.
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ability	 to	 efficiently	 exploit	 such	 resources	 will	 be	 under	 natural	
selection	(Charnov,	1976;	Krebs,	1978).	Classic	optimal	foraging	the-
ory	predicts	that	the	way	in	which	animals	allocate	their	time	within	
and	between	patches	will	 be	dependent	on	 the	quality	of	 a	patch	
and	the	distribution	of	patches	in	the	environment	(Marginal	Value	
Theorum;	Charnov,	1976).	However,	 individuals	do	not	have	com-
plete	 knowledge	 about	 the	 environment	 and	 so	 they	must	 gather	
such	information	constantly	(Dall,	Giraldeau,	Olsson,	McNamara,	&	
Stephens,	2005;	Krebs,	Kacelnik,	&	Taylor,	1978;	Lima,	1984).	This	
results	 in	 a	 trade-	off	 between	 obtaining	 information	 about	where	
to	 feed	 (exploration)	 and	 feeding	 itself	 (exploitation	:	 The	 explo-
ration–exploitation	 (EE)	 trade-	off;	 Cohen,	 McClure,	 &	 Yu,	 2007;	
Eliassen,	Jørgensen,	Mangel,	&	Giske,	2007;	Kramer	&	Weary,	1991;	
Mehlhorn	et	al.,	2015).
Research	 across	 the	 animal	 kingdom	 has	 shown	 that	 the	 three	
main	 drivers	 which	 influence	 exploration	 and	 exploitation	 are	 the	
nature	 of	 the	 environment,	 social	 factors	 and	 individual	 differences	









ment	 traits	 between	 foraging	 patches	 (Mehlhorn	 et	al.,	 2015).	
Measurement	of	exploration	as	a	personality	trait	itself	is	most	com-
monly	conducted	 in	an	open	 field	 test,	when	exploration	of	a	novel	
environment	 is	 captured	 (Carter,	 Feeney,	 Marshall,	 Cowlishaw,	 &	
Heinsohn,	 2013;	 Verbeek,	 Drent,	 &	Wiepkema,	 1994).	 These	 tests	
are	carried	out	in	standardised	conditions	in	an	attempt	to	control	for	
environmental	variation.	 In	many	 species,	where	 foraging	behaviour	
itself	can	be	readily	measured,	testing	exploration	of	a	novel	environ-
ment	 is	 challenging.	While	 differences	 in	 foraging	 trip	 duration	 and	
distance	travelled	(Patrick	&	Weimerskirch,	2014)	could	be	interpreted	
as	exploration	in	a	known	environment,	these	are	strongly	confounded	







Since	 early	 studies	 highlighting	 the	 existence	 of	 behavioural	 syn-
dromes,	 evidence	 has	 been	 building,	 both	 supporting	 (e.g.	 Class	 &	
Brommer,	 2015;	 Dochtermann	 &	 Jenkins,	 2007)	 and	 questioning	 the	
generalisation	of	these	suites	of	traits	 (Carter	et	al.,	2013).	One	of	the	
drivers	 of	 this	 conflict	 is	 the	 failure	 to	 adequately	 define	 personality	
traits.	Boldness	 in	particular	 has	 a	multitude	of	meanings,	most	nota-
bly	being	used	to	describe	both	the	response	to	a	novel	object	(sensu	
neophobia)	 and	 risk	 taking	 and	 anti-	predator	 response	 (Carter	 et	al.,	
2013).	 	 Measurements	 of	 boldness	 in	 response	 to	 a	 novel	 object	 or	
using	 a	 neutral	 human	 approacher	 as	 a	 novel	 object	 are	 available	 on	






ness	 correlates	with	 exploration	 in	 a	 novel	 environment	 and	hence	
exploration	in	natural	systems.
Both	boldness	and	exploration	of	a	novel	environment	have	been	




&	Skalski,	 2001;	Quinn,	Cole,	 Patrick,	&	Sheldon,	 2011),	 or	migratory	
behaviour	 (Chapman	et	al.,	2011),	 fine	scale	movement	such	as	 space	
and	habitat	use	(Patrick	&	Weimerskirch,	2014;	Spiegel,	Leu,	Sih,	Godfrey,	
&	Bull,	 2015)	 and	 individual	 (Dammhahn	&	Almeling,	2012;	Patrick	&	
Weimerskirch,	 2014,	 2015)	 and	 group	 foraging	 (Aplin,	 Farine,	 Mann,	
&	Sheldon,	2014;	Kurvers	et	al.,	2010,	2010).	 In	general	 these	 results	




Evidence	 of	 boldness	 and	 exploration	 of	 a	 novel	 environment	
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Of	the	studies	which	have	examined	the	link	between	these	per-















slower	 explorers.	 In	 nature,	 food	patches	 are	 predicted	 to	 deplete,	
and	movement	between	patches	would	only	be	under	selection	if	this	
is	the	case	(Charnov,	1976).	Therefore,	we	suggest	that	these	studies,	
which	mimic	 natural	 food	 depletion,	 have	 the	 potential	 to	 capture	
natural	variation	between	personality	types,	resulting	in	the	hypothe-
sis	that	boldness	will	correlate	negatively	with	exploitation.
However,	despite	 the	 large	body	of	evidence	 in	 the	personality	
literature,	 suggesting	 that	 heritable	 behavioural	 differences	 could	
result	 in	 individuals	who	differ	 in	aspects	of	the	EE	trade-	off,	 there	
have	been	few	attempts	to	directly	link	it	to	personality.	For	person-
ality	 differences	 to	 persist	 individuals	 should	 have	 equal	 fitness	 at	
equilibrium	(Dingemanse	&	Reale,	2005;	Wolf,	van	Doorn,	Leimar,	&	
Weissing,	 2007),	 leading	 to	 the	 prediction	 that	 aspects	 of	 foraging	
strategies	will	 fall	 along	 this	 trade-	off.	 Furthermore,	 evidence	 that	
personality	types	are	favoured	under	different	environments	leads	to	
predictions	 that	 the	exploitation	of	 resources	 that	vary	 in	 time	and	
space	may	 favour	 individuals	 at	 different	 ends	of	 the	EE	 trade-	off.	
As	 environment	will	 interact	with	 foraging	 behaviour,	 a	 proportion	
of	this	trade-	off	may	be	mediated	by	habitat	and	social	effects,	yet	
we	predict	that	inherited	personality	differences	will	drive	consistent	
differences	 in	 searching	 and	 foraging,	 and	 hence	 the	 EE	 trade-	off.	
In	Figure	1	we	outline	 the	predictions,	based	on	 the	 current	 litera-
ture,	creating	a	 testable	 framework	of	how	suites	of	 foraging	 traits	
may	vary	as	a	function	of	personality	and	an	individual’s	place	along	




trade-	off,	 measures	 of	 reproductive	 success	 are	 required.	 Seabirds	
are	an	ideal	species	for	a	study	to	examine	the	movement	between	













smaller	patches,	with	 a	 lower	 foraging	effort	 (landings	per	 foraging	
patch).	Bolder	birds	will	 fall	 at	 the	exploration	end	of	 the	 trade-	off	
with	shyer	birds	at	 the	exploitation	end.	We	predict	 these	will	 rep-
resent	 searching	 strategies,	 but	 not	 foraging	 success	 nor	 resource	
acquisition	and	will	therefore	show	no	correlation	with	fitness.
2  | MATERIALS AND METHODS
2.1 | Study site and species
The	study	was	conducted	on	a	population	of	wandering	albatrosses,	
a	 large	 long	 lived	 seabird	 (8–12	kg),	 on	 Possession	 Island,	 Crozet	
Archipelago	(46°S,	51°E)	between	2008	and	2016.	Here	ca.	350	wan-
dering	albatross	pairs	breed	every	year.	Since	 the	 species	 is	 a	bien-
nial	breeder,	that	is,	it	breeds	every	second	year	when	it	successfully	
raises	a	chick,	this	results	in	a	total	breeding	population	(across	2	years)	










with	 GPS	 loggers	 (2010—9	 birds;	 2011—39	 birds;	 2012—25	 birds;	
2013—109	 birds;	 2014—19	 birds;	 2015—16	 birds;	 2016—59	 birds;	
IgotU	120/600,	Mobile	Action	Technology),	during	incubation.	Loggers	
were	waterproofed	in	heat	shrink	tubing	and	attached	using	Tesa	tape	
to	 the	 lower	back.	Devices	 recorded	a	 location	every	15	min	 for	 an	





Axis of behaviour Variable 
measures Trait nameExploration Exploitation
Less time in patch Longer in patch Time in ARS zone Time in patch
Smaller searching area Larger searching area Scale of ARS Size of patch












Fast explorers Slow explorers Not measured NA
Bolder Shyer Boldness to a human approacher
Boldness 
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retrieved	and	downloaded.	All	points	 recorded	on	 land	 (at	 the	nest)	




























track	 was	 divided	 into	 homogeneous	 segments	 (in	 terms	 of	 mean	









of	 energetic	 costs	 (Shaffer,	 Costa,	 &	Weimerskirch,	 2003),	 and	 this	
was	used	as	“foraging	effort.”	The	time	spent	in	area-	restricted	search	
zones	was	measured	 as	 the	 time	 the	 bird	 exited	 the	 area-	restricted	
search	zone—the	time	the	bird	entered	the	zone	and	this	was	used	as	

























































All	 explanatory	and	 response	variables	were	 standardised	 to	have	a	
mean	of	0	and	a	standard	deviation	of	1.	p	values	are	provided	for	all	
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analyses.	Estimates	for	log	transformed	data	are	given	on	the	logged	
scale.	 In	GLMMs	 the	 significance	of	 all	 effects	was	 calculated	using	
ANOVA	comparisons	between	models	with	and	without	the	term	of	
interest.	All	first	order	interactions	were	dropped	when	non-	significant.
2.4.1 | EE trade- off and individual strategy
We	 estimated	 the	 correlation	 between	 four	 foraging	 traits	 (size	 of	












gies	using	 the	package	 rptR	 (Nakagawa	&	Schielzeth,	2010).	Models	
included	boldness,	age	and	sex,	and	where	appropriate	the	interaction	
between	age	and	sex	(See	below	for	full	details).	We	used	bootstrap-
ping	without	randomisation	 (1,000	 iterations)	 to	estimate	confidence	
intervals	 for	repeatability	estimates	and	used	 likelihood	ratio	tests	to	
calculate	p	values.
2.4.2 | Drivers of EE trade- off and individual strategy
Boldness,	 age,	 sex	 and	 the	 interaction	 between	 age	 and	 sex	 (known	
to	 have	 a	 significant	 effect	 on	 foraging	 behaviour	 in	 this	 species	
(Weimerskirch	et	al.,	2014)	were	all	fitted,	where	possible,	in	GLMMs,	




Trip	 duration	 (days),	 total	 distance	 travelled	 (km)	 and	 maximum	




2.4.3 | Fitness consequences of EE trade- off and 
individual strategy
Fitness	 consequences	 were	 modelled	 with	 reproductive	 success	 in	
the	year	of	tracking	(binary)	fitted	as	the	response	in	a	binary	GLMM.	
EE	 strategy	 (PC1;	 log[x	+	2]	 transformed),	 time	 in	 patch,	 number	 of	
patches,	foraging	effort	and	size	of	patch	as	fixed	effects	in	individual	










larger	 patches	 (r	=	.37;	p	<	.001)	 and	 had	 a	 higher	 foraging	 effort	 per	
patch	 (r	=	.57;	p	<	.001;	Table	1).	There	was	also	a	positive	correlation	




(0.62),	 foraging	 effort	 (0.60)	 and	 size	 of	 patch	 (0.50)	 were	 positively	
weighted,	with	 little	effect	of	the	number	of	patches	 (−0.05;	Table	2).	
This	 principal	 component	 explained	 almost	 half	 the	 variation	 in	 the	
EE	trade-	off	(0.47;	Table	2)	and	this	was	used	as	a	measure	of	the	EE	
strategy,	 indicative	of	the	 level	of	exploitation	 (negative	=	exploration;	
positive	=	exploitation).
We	found	that	all	foraging	traits	and	a	bird’s	EE	strategy	itself	were	
repeatable	 within	 individuals.	 Size	 of	 patch	 (R	=	0.71	 (0.57–0.82);	
p	<	.001;	Table	3),	number	of	patches	(R	=	0.48	(0.31–0.66);	p	<	.001;	
Table	3)	and	EE	strategy	(R	=	0.40	(0.27–0.54);	p	<	.001;	Table	3)	were	











Size of  
patch
Number of  
patches
Time	in	patch 0.57 0.37 -0.06
Foraging	effort <0.001 0.33 -0.03








Foraging variable PC1 PC2 PC3 PC4
Time	in	patch 0.62 −	0.03 0.29 −	0.72
Foraging	effort 0.60 0.01 0.41 0.68
Size	of	patch 0.50 0.14 −	0.85 0.07
Number	of	patches −	0.05 0.99 0.13 0.04
Proportion	of	variance	
explained
0.47 0.26 0.16 0.12
Cumulative	variance	
explained
0.47 0.72 0.88 1.00
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Table	3)	 and	 foraging	 effort	 (R	=	0.21	 (0.12–0.30);	p	<	.001;	Table	3)	
showing	significant	but	lower	repeatabilities.
3.2 | Intrinsic drivers of the EE trade- off
Boldness	 correlated	 with	 EE	 strategy,	 indicative	 of	 differences	 in	
the	 position	 of	 these	 individuals	 along	 the	 EE	 trade-	off	 (χ1
2	=	4.01;	
p	=	.045;	 Table	4)	 with	 shyer	 individuals	 having	 higher	 values	
(Estimate:	 −0.14	±	0.07;	 Table	4;	 Figure	2a),	 demonstrating	 a	 lower	
foraging	effort,	less	time	in	each	patch	and	smaller	patches	(i.e.	exploi-
tation).	 There	 was	 no	 effect	 of	 age	 (χ1
2	=	0.76;	 p	=	.38;	 Table	3)	 or	
sex	 (χ1
2	=	0.41;	 p	=	.52;	 Table	4)	 nor	 the	 interaction	 between	 these	
χ1
2	=	1.77;	p	=	.18;	Table	4)	on	EE	strategy.




There	 was	 no	 relationship	 with	 time	 in	 patch	 (χ1
2	=	2.58;	 p	=	.11;	
Table	4),	 foraging	 effort	 (χ1
2	=	2.84;	 p	=	.09;	 Table	4)	 nor	 the	 num-
ber	of	patches	(χ1
2	=	0.11;	p	=	.74;	Table	4).	There	was	an	interaction	
between	age	and	 sex	on	 the	 time	 in	patch	with	a	weak	effect	 that	
older	males	 spent	 less	 time	 in	 a	 patch	 (χ1
2	=	4.59;	p	=	.032;	Table	4;	
Figure	3a)	but	females	spent	longer	in	patches	as	they	age	(Figure	3b).	









Random effect variance estimates
Repeatability
Response variable Bird ID Year Residual Bird ID R
PC1	(EE	strategy) 0.16	±	0.40 0.03	±	0.19 0.19	±	0.44 0.40	(0.27,	0.54);	p	<	.001
Time	in	patch 0.30	±	0.55 0.05	±	0.22 0.42	±	0.65 0.25	(0.15,	0.37);	p	<	.001
Foraging	effort 0.45	±	0.67 0.00	±	0.00 0.69	±	0.83 0.21	(0.12,	0.30);	p	<	.001
Size	of	patch 0.32	±	0.56 0.06	±	0.24 0.23	±	0.48 0.71	(0.57	0.82);	p	<	.001












Response variable Model output Boldness Age Sex Age x Sex
PC1	(EE	strategy) Test	statistic χ21 = 4.01; χ21	=	0.76;	 χ21	=	0.41;	 χ21 = 1.77; 
p value p = .045 p	=	.38 p	=	.52 p = .18
Estimate	±	SE	(logged	scale) −0.09 ± 0.05 0.05	±	0.05 F:0.48	±	0.10
M:0.54	±	0.10
−0.01	±	0.01
Time	in	patch Test	statistic χ21	=	2.58;	 χ21 = 4.59; 
p value p	=	.11 p = .032
Estimate	±	SE	(logged	scale) −0.10	±	0.07 −0.34 ± 0.16







p value p	=	.09 p	=	.71 p	=	.51 p = .73
Estimate	±	SE	(logged	scale) −0.14	±	0.08 −0.04	±	0.09 F:-	0.50	±	0.11
M:-	0.61	±	0.12
−0.07	±	0.20
Size	of	patch Test	statistic χ21 = 4.98; χ21		=	1.20;	 χ21	=	2.32;	 χ21 = 0.90; 
p value p = .026; p	=	.27 p	=	.13 p	=	.34
Estimate	±	SE	(logged	scale) −0.13 ± 0.06 0.07	±	0.07 F:-	0.42	±	0.13
M:-	0.24	±	0.13
−0.13	±	0.14
Number	of	patches Test	statistic χ21	=	0.11;	 χ
2
1	=	1.41;	 χ2 = 4.23; χ2 =	0.01;	
p value p	=	.74 p	=	.24 p = .040 p = .93
Estimate	±	SE	(logged	scale) 0.01	±	0.03 −0.04	±	0.00 F:0.57 ± 0.08
M:0.43 ± 0.08
0.01	±	0.08
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p	<	.001)	and	 the	maximum	range	 (χ21 =	14.82;	p	=	.001).	This	showed	
that	individuals	favouring	exploitation	had	longer	trip	duration	(Estimate	













































boldness	did	not	predict	 the	 time	 in	patch	and	number	of	patches,	
these	were	 instead	 explained	 by	 age	 and	 sex	 differences.	 Despite	
this	there	was	no	association	between	reproductive	success	and	EE	







4.1 | Boldness and EE strategies




that	 bolder	 individuals	 explore	 relatively	 superficially	 (Mazué	 et	al.,	
2015;	 Reale	 et	al.,	 2010;	 Verbeek	 et	al.,	 1994)	 and	 that	 boldness	
correlates	with	exploration	 in	a	novel	environment	 (Sih	et	al.,	2004;	
Verbeek	et	al.,	1994).	As	bolder	animals	have	been	shown	to	be	more	
risk	 taking	 (Dammhahn	&	Almeling,	2012;	Sih	et	al.,	2004)	 this	may	
drive	 their	 tendency	 to	 favour	 exploration	 as	 continually	 moving	
between	patches	may	also	be	a	risky	strategy,	particularly	when	prey	
have	a	patchy	distribution,	as	new	 foraging	patches	bring	unknown	
reward.	 Previous	 results	 have	 also	 suggested	 that	 fast	 exploring	













Response variable Explanatory variables Test statistic (df) p value Estimate ± SE (logged)
Reproductive	success PC1	(EE	strategy) χ21	=	0.05 .82 -­0.09	±	0.40
Time	in	patch χ21	=	0.00 .95 0.01	±	0.18
Foraging	effort χ21	=	2.33 .13 -	0.26	±	0.17
Size	of	patch χ21	=	0.64 .42 0.14	±	0.19
Number	of	patches χ21	=	0.32 .57 0.10	±	0.18




4.2 | Boldness and the EE trade- off
While	there	are	many	studies	which	examine	individual	differences	
in	 single	 components	 of	 an	 EE	 trade-	off	 (Reviewed	 by	Mehlhorn	
et	al.,	 2015),	 studies	 testing	 differences	 in	 EE	 strategies	 between	
individuals	 are	 rarer.	 Examining	 single	 foraging	 traits	 can	bias	our	
understanding	 of	 the	 adaptive	 consequences	 of	 individual	 differ-
ences	as	they	ignore	any	trade-	off	with	associated	traits.	Studying	
foraging	 effort	 per	 patch	 without	 simultaneously	 measuring	 the	
size	of	patch	or	 time	 in	patch,	may	erroneously	 imply	differences	
in	foraging	investment.	In	this	study	we	show	that	EE	strategy	and	
all	component	traits	are	repeatable	within	 individuals,	and	yet	the	
number	 of	 patches	 is	 not	 part	 of	 the	 EE	 trade-	off.	 This	 provides	
strong	support	that	an	individual’s	place	along	the	trade-	off	is	sta-
ble	 over	 time.	However,	 given	 individuals	 also	 show	a	 repeatable	
number	of	patches	we	suggest	this	trait	may	be	explained	by	other	
variables	 such	 individual	 foraging	 habitat	 or	 efficiency	 associated	
with	age	or	sex.
4.3 | Age and sex drivers of the EE trade- off
The	 EE	 trade-	off	 has	 been	 identified	 in	 other	 species	 (Reviewed	 by	
Mehlhorn	et	al.,	2015)	and	individual	differences	have	been	proposed	









dence	 these	 bolder	males	 show	 less	 pronounced	 senescence,	 unlike	
older	females	who	visit	the	 less	productive	tropics.	Our	results	show	














4.4 | The EE trade- off and foraging behaviour
We	predicted	 that	EE	strategies,	which	 represent	 the	way	 in	which	
birds	search	for	food,	gather	information	and	exploit	detected	patches	











distance	 of	 trips	 are	 unlikely	 to	 result	 in	 the	 same	 changes	 in	 prey	
distribution	with	space	and	time	for	both	sexes.
At	first	glance,	we	would	expect	that	 if	EE	strategy	drives	differ-















4.5 | Habitat choice and the EE trade- off
Given	 that	 boldness	 can	 affect	 foraging	 behaviour	 in	 certain	 age	
classes,	 foraging	 in	 different	 locations,	 and	 therefore	 habitats,	 may	
appear	to	be	a	plausible	driver	of	differences	in	searching	behaviour	
and	hence	EE	strategy.	Wandering	albatrosses	demonstrate	little	evi-
dence	of	habitat	preference	nor	 strong	 responses	 to	environmental	
heterogeneity,	suggesting	that	small	scale	habitat	cues	and	differences	
do	not	account	for	a	large	amount	of	individual	variation	in	foraging	
behaviour	 (Louzao,	 Wiegand,	 Bartumeus,	 &	 Weimerskirch,	 2014;	
Weimerskirch	et	al.,	2007).	Our	results	showing	that	EE	strategy	was	
not	 driven	 by	 sex	 provides	 further	 support	 that	 these	 differences	







1266  |    Journal of Animal Ecology PATRICK eT Al.
and	 foraging	 decisions,	 individual	 oceanographic	 conditions	 should	
be	 compared	 against	 EE	 strategy	 to	 test	 whether	 the	 repeatability	
in	this	correlates	with	a	repeatability	in	habitat	choice.	These	results	
do,	 however,	 offer	 a	 proximate	 mechanism	 through	 which	 widely	
reported	individual	specialisation	in	foraging	behaviour	(Patrick	et	al.,	
2014)	and	diet	in	seabirds	(Ceia	&	Ramos,	2015)	can	be	explained.
4.6 | Fitness consequences of EE strategy
We	 found	 no	 detectable	 fitness	 advantage	 of	 either	 strategy,	 nor	
any	components	of	the	EE	trade-	off.	As	the	power	of	the	statistical	

















extended	 to	 examine	 lifetime	 reproductive	 success,	 the	most	 accu-
rate	measure	of	fitness,	and	to	test	whether	the	correlation	between	
traits	 breaks	 down	 as	 an	 individual	 shows	 declines	 in	 reproductive	
performance.
Recent	 theoretical	 models	 have	 demonstrated	 that	 individuals	










using	stable	 isotopes	 to	 identify	broad	prey	 types.	Another	explana-













is	paramount	 to	 fitness	 and	yet	we	 lack	 a	 full	 understanding	of	 the	
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